We investigate the dependence of the displacements of a molecular motor embedded inside a glassy material on its folding characteristic time τ f . We observe two different time regimes. For slow foldings (regime I) the diffusion evolves very slowly with τ f , while for rapid foldings (regime II) the diffusion increases strongly with τ f ( D ≈ τ −2 f ) suggesting two different physical mechanisms. We find that in regime I the motor's displacement during the folding process is counteracted by a reverse displacement during the unfolding, while in regime II this counteraction is much weaker. We notice that regime I behavior is reminiscent of the scallop theorem that holds for larger motors in a continuous medium. We find that the difference in the efficiency of the motor's motion explains most of the observed difference between the two regimes. For fast foldings the motor trajectories differ significantly from the opposite trajectories induced by the following unfolding process, resulting in a more efficient global motion than for slow foldings. This result agrees with the fluctuation theorems expectation for time reversal mechanisms. In agreement with the fluctuation theorems we find that the motors are unexpectedly more efficient when they are generating more entropy, a result that can be used to increase dramatically the motor's motion.
INTRODUCTION
The development of molecular motors have received a large attention [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] since the beginning of nanotechnology. Molecular motors can be designed to move inside liquids, viscous media or soft matter.
Inside supercooled liquids and soft matter their motion is even more interesting as a source of information on the still unsolved physics of the glass-transition [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . Indeed, characteristics of the glass-transition physics like cooperative motions called dynamic heterogeneities were reported to be generated during the motion of various motors [38] [39] [40] [41] [42] . The photo-fluidization and softening of the host material, or transient liquid-like behaviors, were also reported by different groups experimentally and by simulations [38, [43] [44] [45] [46] with particular motors. These behaviors and possible cage-breaking processes induced by the motor [47, 48] suggest that molecular motors small stimuli can be used to probe the physics of the glasstransition.
The problem of the motion of molecular motors is complicated by the existence of Brownian motion that washes out any attempt to move constructively at the nanoscale. Molecules like stilbene, azobenzene and their derivatives, do have the property to fold when illuminated due to a photo-isomerization process, and are of particular interest as motors because they do not consume or produce any waste inside the host medium. When illuminated, azobenzene doped materials are subject to intriguing macroscopic transport that in some conditions lead to the formation of surface relief gratings (SRG) [49] . While the exact physical mechanisms leading to that macroscopic transport is still a matter of debate [49] [50] [51] [52] [53] [54] [55] [56] [57] , there is no doubt that it originates from the repeated foldings of the azobenzene molecule inside the material.
The characteristic times involved in the molecular motor's folding are of importance as we may expect them to control the physical mechanisms behind the medium and motor's motions. In a previous paper [58] we have studied the effect of the folding rate 1/T f on the molecular mobilities, and found that for small rates the mobilities followed the linear response theory, then saturate at larger rates. In this work we study the effect of the second characteristic time, the motor molecule folding time τ f , on the motor's motion. If the folding rate 1/T f controls the amount of energy that is released inside the medium per unit of time, the folding time τ f controls the forces created during the folding process. We expect the molecular motor motions to increase with the folding forces thus to increase when τ f decreases. Results show the presence of two different dynamical regimes suggesting different physical mechanisms. For rapid foldings the motor and medium motions are proportional to the force created by the motor's folding. In that dynamical regime the motor's motion increase with the force as τ −2 f . For applicative purpose, a variation of the folding time in that regime could increase importantly the motor and host motions. We note that in this regime, our results agree remarkably well with the gradient pressure theory [55, 56] for the formation of SRG. Then the system reaches a different dynamical regime when slow foldings are used. In that regime the motor and medium motions only slightly depend on the folding time τ f and thus do not depend significantly on the force.
Our simulations show in this paper that for most foldings in regime I the motor's displacement during the folding process is hindered by a reverse displacement during the unfolding, but not in regime II. To quantify this effect that is reminiscent of Purcell's scallop theorem [59] [60] [61] , we define the efficiency of mobility as the average motion of the motor during p foldings and p unfoldings (i.e. p periods), divided by 2p times its average motion for one folding only:
With this definition = 0 for a totally inefficient process where the unfolding motion of the motor is the reverse of its folding motion, while = 1 for an efficient process for which the unfolding motion is not correlated with the folding motion. Note that values of larger than 1 while unlikely, are possible with this definition.
We find that the difference in the efficiency of mobility explains most of the observed difference between the motions in the two regimes. In other words, for fast foldings the motor trajectories differ significantly from the opposite trajectories induced by the following unfolding process, resulting in a more efficient global motion than for slow foldings. This result agrees well with the fluctuation theorems [62] [63] [64] [65] expectation for time reversal mechanisms.
The scallop theorem [59] stands that due to the very small Reynolds numbers associated with small systems, the hydrodynamics equations are approximately symmetric in time and as a result swimming using symmetric reverse motions is not possible. While we are at the nanoscale, and as a result not in a continuous medium governed by the hydrodynamics equations, that theorem shows anyway a tendency that will become more and more correct as the motor is made larger. Interestingly, even for larger scales where the theorem is applicable, various cases violating the theorem have been reported [60, 61] . Two important cases violating the theorem are non-Newtonian fluids [60] and systems undergoing fluctuations [61] .
Similarly, at the nanoscale, the fluctuation theorems [62] [63] [64] [65] quantify the probability that a reverse trajectory takes place in relation with the entropy generated.
Crook's fluctuation theorem [62] stands that the probability of a reverse trajectory is proportional to exp(S/k B ) = exp(W d )/k B T where W d is the amount of work dissipated in the forward tra-
is the reversible part of the work i.e. the difference between the free energies after and before the motor's motion. The fluctuation theorems thus show that, when out of equilibrium, reverse trajectories do not have the same probability than the direct trajectories, showing that the motor's motion is possible at the nanoscale. The reverse trajectories hindering the motions in the scallop theorem, are at the nanoscale less and less probable when the entropy generated is made larger. That result is in qualitative agreement with our findings. The motion of the motor at the nanoscale requires thus to be efficient that some entropy is generated. Assuming that the dissipated work is proportional to the force induced by the motor, the motions of pushed surrounding molecules being limited by the size of the motor's arms, the Crook's theorem leads in the limit of small entropies to a τ −2 f evolution of the efficiency of mobility in agreement with regime II. Following this viewpoint, a tentative explanation of regime I is that it arises due to the minimum work that has to be dissipated to break the cage of the neighbors in our supercooled medium, for the folding and unfolding to take place.
MODEL
Molecular dynamics and Monte Carlo simulations methods are important tools to unravel the physics of materials at the atomic scale [66] [67] [68] [69] [70] [71] . We simulate the folding of a molecular motor molecule inside a medium composed of 500 methylmethacrylate (C 5 H 8 O 2 ) molecules (note that the molecule is not polymerized). We use that molecule as a model system in this work, chosen because of its well established characteristics from a number of previous works. A detailed description of the simulation procedure can be found in previous works [17, 38, 47, 58, 72] . We model the medium molecule with the 4 centers of force coarse-grain potential function described in ref. [73] . The mass of the medium molecule is m = 100g/mole. The molecular motor and the associated potential functions are described in ref. [17] and shown in Figure 1 . It is constituted of two parallel ranks of 7 atoms distant of 2Å in the rank and of 1Å between two ranks. Each of the atoms has a mass of 40g/mole and is described by a Lennard-Jones 6-12 potential with = 1KJ/mole and σ = 3.4Å. The motor's mass is M = 560g/mole. The density is set constant at ρ = 1.65g/cm 3 . This relatively large density was chosen to increase the viscosity of the material. We evaluate the glass transition temperature to be T g = 550K in our system. Consequently at the temperature of the simulations T = 140 K, there is no visible thermal diffusion (D th ≈ 0) in our simulations when the motor is inactive. Our cubic simulation box contains N = 2014 centers of force (describing 7514 atoms) and is 37Å wide. A few simulations with a larger box at the same density, containing 2000 medium molecules that is N = 8014 centers of forces, within a box 58.7Å wide, insured us that no size effects nor indirect interactions with replica of the motor are visible in our data. To highlight that point we show in Figure 2A motor's mobilities obtained with N = 8014 centers of forces together with results using N = 2014 for comparison. We use the Gear algorithm with the quaternion method [74] [75] [76] to solve the equations of motions with a δt = 10 −15 s time step. The temperature is controlled using a Berendsen thermostat [77] . We model the folding process as a uniform closing and opening of the probe molecule shape during a characteristic time τ f with a period T f . The motor folds in a time τ f then stays folded during a time (T f /2 − τ f ) then unfolds in a time τ f , stays unfolded during a time (T f /2 − τ f ) and the cycle continues. When unfolded the molecule is a planar rectangle of length L = 15.4Å and l = 4.4Å wide (see Figure 1) . After the folding the molecule is folded on an axis passing through its mid length, with an angle α = 60 degrees. T f /2 appears as the time lapse between two energetic impulses inside the material and will be an important characteristic time in our study. However the effect of a variation of T f has been previously studied [58] and we will focus in this work on the other important characteristic time τ f .
There is only one motor inside the simulation box. We use this small motor's concentration to have, in our simulations, the smallest possible perturbations of the host material for a given folding period T f . We compare the results with two different folding periods T f = 400ps and T f = 600ps to verify that we are in the linear response regime [78] i.e. that the response is proportional to the perturbation (D = α/T f + D th = α/T f ). This regime insures us that the foldings do not interfere with the following ones, i.e. each folding acts on an unperturbed medium and thus can be seen as unique. We display the diffusive behavior of the motor and host's motions in the appendix. where e and f are constants. Figure 2 shows the evolution of the diffusion of the motor and host with the folding time τ f at low temperature. The red and blue circles represent two different folding periods (T f = 600ps and T f = 400ps) while the black circles correspond to large simulation boxes with T f = 400ps. The different set of points merge, showing that we are in the linear response regime, as the response is here proportional to the number of foldings per second, i.e. to the stimulus. This behavior suggests that cumulative effects on the medium due to the periodic foldings do not affect significantly our results. We observe on
like the motor's motion in regime II. This result suggests that regime II is dominated by the forces generated by and on the motor. Regime I slow evolution is more surprising. We see on the figures that the motions still take place in that regime for very long folding times. Notice however that we are at low temperature and thermal diffusive motions are small. The figure also shows that the host follows the same trend than the motor, the motor being faster by a rough factor 4. That result suggests that in our simulations the host motions are driven by the motor's motions. Figure 3 shows the force evolution on the motor during the folding process. The force evolution is not monotonous but there are two peaks with a minimum around the half folding time. As the folding molecule probes the surrounding structure of the medium it finds larger resistances when it encounters the surrounding molecules shell. As a result that force evolution is characteristic of the structure of the medium surrounding the probe. Figure 3 shows that the maximum of the force arises during the last part of the folding.
Forces on the motor
We find in Figure 4 that the maximum of the force evolves as τ −2 f , a result that confirms the simple evaluation of the force discussed in the previous section. This result implies that in regime II the diffusion is proportional to the maximum of the force. It suggests that in regime II, the maximum of the force induced by the folding of the motor is at the origin of the motor and host motions. Regime II results thus agree with the gradient pressure model [55, 56] proposed to explain the azobenzene isomerization-induced massive mass transport. In regime I, the motor and hosts motions depend only slightly on the force created on the environment during the folding. That result agrees with models like the caterpillar motions model [57] and the cage breaking model [47] as both models depend only slightly on the force generated by the motor. In the caterpillar model the motor's mo-tion is generated by the slithering of the motor inside the medium and thus needs only small forces. Similarly in the cage breaking model the motion is generated by the breaking of the cage and the motor thus only needs the force to break one cage at each folding. To better understand the origins of the two regimes, we plot in Figure 5 the square displacement of the motor and mean square displacement of the hosts versus time. The Figures show the periodic displacements induced by the folding and then unfolding of the motor. The motor's and host displacements within time regime I (here τ f = 5ps, blue curves) are mostly inefficients as unfolding motions oppose the folding motions, leading to the rectangular displacements steps observed in Figure 5 . The long time displacement are here due to a few steps that do not come back to their exact positions during the unfolding process. On the contrary in regime II (red curve, τ f = 5 10 −2 ps), most steps are efficient leading to fast diffusion of the motor and host. We find that some motor's steps are quite high in regime II while the host steps are roughly constants. These results confirm that the motor's motion drives the host dynamics, and show that the slow dynamics of regime I is partly due to the inability of the motor to reach steps large enough to modify significantly the return direction during the unfolding process. The mean square displacements in Figure 6 that are averaged on the whole set of time origins, confirm that interpretation. The Figures show that in regimes I and II, the mean displacements are quite similar for short time scales. Up to 200 ps (i.e. T f /2) the blue curves and the red curves follow the same increase in Figure 6 . Then the red curve (regime II) continues to increase while the blue curve (regime I) oscillations corresponding to the unfolding and folding times result in a smaller increase with time. In other words the elementary displacement (i.e. corresponding to one folding only) is the same in regimes I and II, while the long time displacements are not. This result suggests that the difference between regime I and II arises mainly from a difference in the efficiency of mobility of the motor (i.e. the probability that the unfolding process doesn't reverse the motion induced by the folding) and only more slightly on the forces pushing the motor forward. = 5ps ). These data are averaged on time origins. The two curves are almost identical up to t = T f /2 = 200ps (i.e. the first peak of the dashed blue curve, that is the time of the 'first folding') then the two curves separate due to a decrease of the light blue curve (regime I) during the following 'unfolding' while the red continuous curve (regime II) continues to increase. This result shows that the unfolding motor's motion opposes the folding motion for regime I and not for regime II. Note that because < r 2 motor (t) > is averaged on the time origins, the same conclusion will arise if we replace 'folding' by 'unfolding'. (b) Mean square displacement of the host molecules < r 2 host (t) > located around the motor (at a distance R < 10Å), versus time t. Red line: regime II (τ f = 5 10 −2 ps); Blue line: regime I (τ f = 5ps). These data are averaged on time origins. We observe the same trend than for the motor in (a).
We will now use the efficiency of mobility defined in the introduction (equation 1) to quantify the hindering of the motor's motion due to the lack of efficiency of mobility discussed previously and compare its evolution with the motion induced by the folding. The evolution of with the folding time τ f is displayed in Figure 7 . The Figure shows that the efficiency of mobility increases with 1/τ f leading to a much larger efficiency of mobility in regime II than in regime I. The increase in the efficiency of mobility thus can explain the difference in the motor's motion between the two regimes. We will now show that the change in the efficiency of mobility is indeed the main contribution to that difference of motions between the two regimes.
We show in Figure 8 the evolution of the average motor's motion after the folding process and we compare its evolution with the evolution of the efficiency of mobility in order to understand which one of these two contributions is the main cause of the motion's evolution with 1/τ f . Figure 8 shows that the average motor's motion after one folding also increases with 1/τ f although relatively slower than the efficiency of mobility. The motor's motion during one folding process follows a similar trend than the efficiency of mobility and global motion and contribute to the increase in the motor's motion with 1/τ f . The comparison between these two contributions in Figure 8 shows that the efficiency of mobility has a larger contribution to the global motion evolution. An efficiency of mobility of 1 means that the motor has the same probability to return to its initial position than in a Brownian random motion, while an efficiency of mobility of 0 means that the motor always return to its initial position (i.e. that the unfolding process destroys the motion induced by the folding). Figures 7 and 8 show that the difference in the efficiency of mobility explains most of the observed difference between the motions in the two regimes. For fast foldings the motor trajectories differ significantly from the opposite trajectories induced by the following unfolding process, resulting in a more efficient global motion than for slow foldings. As discussed before, this result agrees with the fluctuation theorems [62] [63] [64] [65] expectation for time reversal mechanisms.
CONCLUSION
In this work we have studied the effect of its characteristic folding time τ f on a molecular motor's displacements inside a soft material well below its glass transition temperature T g . We found two different dynamical regimes. For slow foldings (regime I) the motor's motions are only weakly dependent on the folding time (D motor ≈ τ −0.1 f ). For rapid foldings (regime II) in contrast, the motor's motions strongly depend on the characteristic folding time ( D motor ≈ τ −2 f ) as the maximum value of the force induced by the folding on the motor. We found that the difference between the two regimes mainly arise due to a different efficiency of mobility of the motor. For slow foldings the unfolding process destroys most of the motion induced by the folding, while this is not happening for rapid foldings. We interpret that difference as arising from the increase of irreversibility for rapid foldings. When the folding is fast enough, it changes significantly the motor's environment leading to an irreversible and more efficient process. Experimentally the characteristic folding times can be modified by acting on the motor's molecule electronic structure and to a lesser extent on the viscosity of the environment. Our results show that above a threshold value, rapid characteristic folding times can dramatically increase the motions of a molecular motor in soft matter.
APPENDIX: DIFFUSIVE MOTIONS
In our study, for the calculation of he diffusion coefficients, we have supposed that the motor's and host motions were diffusive. We will show here that it is actually the case i.e. that the mean square displacement displays a linear dependence on time at large time scales. For that purpose we show in Figure 9 the motor and host's mean square displacements time dependence for various folding times τ f ranging from τ f = 3 10 −2 ps to 2 ps. The fits show that the mean square displacements evolve linearly with time at large time scales. Consequently the motions are diffusive. Note that diffusive motions are expected as the motor has no preferential direction of motion in the amorphous environment of the study and the motion is Markovian on times larger than T f . 
